GSK1322322 is a peptide deformylase inhibitor active against Staphylococcus aureus strains resistant to currently marketed antibiotics. Our aim was to assess the activity of GSK1322322 against intracellular S. aureus using an in vitro pharmacodynamic model and, in parallel, to examine its cellular pharmacokinetics and intracellular disposition. For intracellular activity analysis, we used an established model of human THP-1 monocytes and tested one fully susceptible S. aureus strain (ATCC 25923) and 8 clinical strains with resistance to oxacillin, vancomycin, daptomycin, macrolides, clindamycin, linezolid, or moxifloxacin. Uptake, accumulation, release, and subcellular distribution (cell fractionation) of [ 14 C]GSK1322322 were examined in uninfected murine J774 macrophages and uninfected and infected THP-1 monocytes. GSK1322322 demonstrated a uniform activity against the intracellular forms of all S. aureus strains tested, disregarding their resistance phenotypes, with a maximal relative efficacy (E max ) of a 0.5 to 1 log 10 CFU decrease compared to the original inoculum within 24 h and a static concentration (C s ) close to its MIC in broth. Influx and efflux were very fast (<5 min to equilibrium), and accumulation was about 4-fold, with no or a minimal effect of the broad-spectrum eukaryotic efflux transporter inhibitors gemfibrozil and verapamil. GSK1322322 was recovered in the cell-soluble fraction and was dissociated from the main subcellular organelles and from bacteria (in infected cells). The results of this study show that GSK1322322, as a typical novel deformylase inhibitor, may act against intracellular forms of S. aureus. They also suggest that GSK1322322 has the ability to freely diffuse into and out of eukaryotic cells as well as within subcellular compartments.
T
he spread of multidrug-resistant Staphylococcus aureus strains in hospitalized patients and other individuals without health care-related risk factors raises alarming concerns in various countries and clinical settings due to the increasing likelihood of treatment failures and ensuing morbidity and mortality (1-3). In addition, the ability of S. aureus to sojourn and thrive intracellularly, well described in in vitro and in vivo models (4-7) and also documented in human infections, is considered to play a critical role in their persistent and recurrent character (8) (9) (10) . Intracellular sheltering of S. aureus, indeed, leads to a considerable loss in antibacterial efficacy (defined as the ability of the antibiotic to decrease the intracellular bacterial load at the maximal achievable extracellular concentration), even for molecules that accumulate to large extents in eukaryotic cells (11) . In this context, antibiotics acting on novel bacterial targets (and therefore potentially active against strains resistant to currently used antibiotics) and maintaining activity against intracellular forms of S. aureus are critically needed.
Peptide deformylase (PDF) is a metalloenzyme that removes the formyl group during eubacterial peptide elongation, playing a crucial role in protein maturation. PDF has been shown to be essential for bacterial growth and highly conserved in bacteria (12) . Interestingly enough, PDF mutants that resist the action of PDF inhibitors show a severe fitness cost, substantial loss of pathogenicity, and a restricted ability to produce an invasive infection, all properties that may prevent them from being successful if emerging in the clinical arena (13) . This makes PDF a desirable novel target for antibiotic discovery and development. Thus, a large number of PDF inhibitors have been obtained over the past decade (14) by researchers who were partly inspired by studies of actinonin, a naturally occurring antibacterial that acts by inhibiting PDF (15) . Among them, GSK1322322 (see chemical structure in Fig. 1 ) shows remarkably constant in vitro antibacterial activity against S. aureus strains with resistance to many currently marketed antibiotics (16) . It is also the first molecule within this class that has progressed through phase II clinical trials as an oral and intravenous agent for the treatment of hospitalized patients with community-acquired bacterial pneumonia and acute bacterial skin and skin structure infections (17) . The aims of the present study were (i) to determine the in vitro activity of GSK1322322 using a pharmacodynamic model of intracellular infection in human THP-1 monocytes and various susceptible and resistant strains of S. aureus and (ii) to examine its cellular pharmacokinetics (influx, accumulation, efflux, and subcellular localization) in human THP-1 monocytes and murine J774 macrophages. In brief, GSK1322322 proved capable of reducing about 70% to 90% of the intracellular inoculum (0.5 to 1 log 10 CFU decrease), whatever the resistance phenotype of the strain toward other antistaphylococcal agents. It showed an intracellular disposition close to that of fluoroquinolones (18, 19) , with an apparent ability to act on its intracellular target despite its relatively low cellular accumulation levels and absence of stable association with phagolysosomes, where S. aureus sojourns and thrives in phagocytic cells (20, 21) . This study therefore explored the potential of PDF inhibitors for the treatment of infections caused by S. aureus strains resistant to commonly used antibiotics and involving intracellular reservoirs. In a broader and normative context, this report further demonstrates that the intracellular activity of antibiotics cannot be simply deduced from their level of accumulation and subcellular disposition and that part of the intracellular inoculum of S. aureus is refractive to the activity of most antibiotics.
(This work was presented in part at the 54th Interscience Conference on Antimicrobial Agents and Chemotherapy [ICAAC] , Washington, DC, 5 to 9 September 2014 [22] , and at the 24th European Congress of Clinical Microbiology and Infectious Diseases [ECCMID] , Barcelona, Spain, 10 to 13 May 2014 [23] .)
MATERIALS AND METHODS
Antibiotics and main products. GSK1322322 (potency, 100%) and [ 14 C]GSK1322322 (specific activity, 59.9 mCi/mmol; labeled on position 2 of the fluoropyrimidine group [see Fig. 1 ]; radiochemical purity, 99.5%) were obtained from GlaxoSmithKline plc (Collegeville, PA). The product was first dissolved in dimethyl sulfoxide at a concentration of 50 mg/liter and was thereafter further diluted in water to the desired concentration. The radiolabeled compound was added in a tracing amount to stock solutions of unlabeled GSK1322322 in order to obtain appropriate signals under our experimental conditions. Azithromycin and clarithromycin (potency, 100%) were obtained from SMB-Galephar (Marche-en (26, 27) .
Bacterial strains and susceptibility testing. The laboratory and clinical strains used in the present study are listed in Table 1 Assessment of viability of THP-1 monocytes. The viability of THP-1 monocytes in the presence of increasing concentrations of GSK1322322 was evaluated by measuring the release of the cytosolic enzyme lactate dehydrogenase (LDH) in the culture medium after 24 h of incubation using a Cytotoxicity Detection Kit PLUS [LDH] (Roche Diagnostics GmbH, Manheim, Germany). The release of LDH was expressed as the percentage of activity detected in the media compared to the total enzymatic activity in the culture.
Determination of the extracellular and intracellular activities of antibiotics. For extracellular activity, experiments were performed in CA-MHB with an initial inoculum of 10 6 CFU/ml and results expressed as the change in CFU/ml from the initial inoculum as measured by colony counting. Bactericidal activity was defined as a reduction of 99.9% (3 log 10 CFU/ml decrease) of the total counts. For intracellular activity, cell infection was performed as described previously (21) . The changes in the number of CFU from the postphagocytosis inoculum were taken as the response to the antibiotics and plotted as a function of their extracellular concentrations (both in log 10 units) (21, 33) . Data were used to fit a sigmoidal Equation function (Hill equation
where Y is the number of CFU (in log 10 units), x is the log 10 of the extracellular concentration (in milligrams/liter or multiples of MIC), E max (maximal relative efficacy) is the decrease of CFU compared to the original inoculum for an infinitely large extracellular antibiotic concentration (note that a larger maximal relative activity corresponds to a more negative value of E max ), E min (minimal relative efficacy) is the increase in the number of CFU compared with the original inoculum for an infinitely low extracellular antibiotic concentration (this value is positive and corresponds to the increase in CFU in the absence of antibiotic), EC 50 is the concentration of antibiotic (in milligrams/liter or in multiples of MIC) at which Y is halfway between E min and E max , and H is the slope (Hill coefficient; absolute value set by default to 1 [Ϫ1 in this case as the function slope is downhill] because of the lack of an indication of any constant cooperative effect). This equation also allowed us to calculate the value of the apparent static concentration (C s ) corresponding to the extracellular concentration of drug (expressed in milligrams/liter or in multiples of MIC) causing no apparent change in CFU compared with the initial inoculum using the following rearrangement (see reference 34 and the references cited there and above for detailed descriptions of the protocol and of the interpretation of the corresponding pharmacodynamics parameters; see also references 35, 36, 37, and 38 for descriptions of their use in the evaluation of other novel antibiotics):
Accumulation and release experiments. Antibiotic accumulation and release were measured using a general protocol developed in our laboratory to study the cellular pharmacokinetics of antibiotics in J774 macrophages and THP-1 monocytes (35, 36, (39) (40) (41) . In the present experiments, cells were incubated in the presence of GSK1322322 (with a suitable amount of 14 C-labeled drug) in standard culture medium for the lengths of time and at the concentrations adapted for the purpose of each experiment. After removal of the medium, J774 macrophages (adherent) were washed gently three times with ice-cold phosphate-buffered saline (PBS) and THP-1 monocytes (growing in suspension) were subjected to two successive low-speed centrifugations in PBS at 4°C. Cells were then resuspended in distilled water and subjected to sonication (5 min at 100 W in a water bath sonicator [Bransonic ultrasonic cleaner model 3510E-MT; Bransonic, Danbury, CT]) for complete dispersion of visible material and the lysate used for determination of radioactivity (liquid scintillation counting) (Packard Tri-Carb instrument; Perkin-Elmer [Waltham, MA]) and for the protein assay (42) . The cell drug content was expressed by reference to the total cell protein content, and the apparent total cellular concentration was then calculated using a conversion factor of 3.08 l of cell volume per mg of cell protein for J774 macrophages (41) and 5 l of cell volume per mg of cell protein for THP-1 monocytes (21) .
Cell fractionation studies. We followed the general protocol developed in our laboratory for studying the subcellular distribution of antibiotics in cells (19, 26, 40, 43, 44) . In the present experiments, uninfected cells were incubated with 1 mg/liter GSK1322322 (with a suitable amount of 14 C-labeled drug) for 30 min, washed, and collected in ice-cold 0.25 M sucrose-3 mM Na EDTA-3 mM imidazole (pH 7.4) (sucrose-EDTAimidazole), whereas infected cells were exposed to bacteria for phagocytosis as described above, washed, returned to fresh medium for 2 h to allow complete internalization of bacteria, and then incubated for 30 min with GSK1322322 at a total concentration of 0.1 mg/liter (to avoid killing of the bacteria [again with a suitable amount of 14 C-labeled drug]), washed, and finally collected in sucrose-EDTA-imidazole. Cells were then homogenized in the same medium using a Dounce tissue grinder with control of the cell disruption process by phase-contrast microscopy. Subcellular organelles were separated by differential and isopycnic centrifugation using methods described in detail in the references cited above. In brief, for differential centrifugation, homogenates were separated into 3 successive fractions, namely, fractions N (nuclei and unbroken cells), ML (large granules), and P (small granules and membranes; for some experiments, the ML and P [MLP] fractions were obtained together), and a final S supernate (cytosol) by centrifugation at 1,600, 25,000, and 40,000 rpm for 10 min, 6 min 42 s, and 30 min, respectively, in a Ti50 rotor operated in a Beckman Optima LE-80K ultracentrifuge (Beckman Coulter Life Sciences, Indianapolis, IN). For isopycnic centrifugation, the cell homogenate was first made free of nuclei and unbroken cells by centrifugation at 1,600 rpm for 10 min, and the resulting cytoplasmic extract was deposited on a linear sucrose gradient with densities spanning 1.10 to 1.24 and was left resting on a cushion of sucrose of 1.34 density. After centrifugation at 39,000 rpm for 3 h in a SWTi50 swing-out rotor (Beckman), the gradient was collected into 12 discrete fractions whose densities were measured by refractometry (ABBE-3L refractometer; Bausch and Lomb, Rochester, NY). All fractions were assayed for protein content and activity of marker enzymes (as described in the references cited above) and, if infected, in viable bacteria (for CFU counting).
Curve fitting and statistical analyses. Curve fitting and statistical analyses were performed with GraphPad Prism versions 4.03 and 6.05 (GraphPad Software Inc., San Diego, CA), GraphPad InStat v3.10 (GraphPad Software), and JMP Pro version 10.02 and 11.1.1 (SAS Institute Inc., Cary, NC).
RESULTS

Susceptibility of S. aureus strains to GSK1322322 and comparator antibiotics.
The aim of the study was to establish whether GSK1322322 showed measurable activity against intracellular forms of S. aureus that was unaffected by any mechanism(s) of resistance to currently used antistaphylococcal antibiotics. A panel of representative strains was therefore assembled from laboratory and clinical isolates with (i) demonstrated susceptibility to the comparator antibiotics in our model (fully susceptible strains) and (ii) resistance of clinical significance to one or several of the comparators (resistant strains). Table 1 shows the strains used and the MICs of GSK1322322 and of the comparator antibiotics for each of the strains. GSK1322322 showed an MIC that was consistently low (0.5 to 1 mg/liter) for all strains, disregarding their resistance patterns to other antibiotics, except for strain SA312 (a methicillin-resistant S. aureus [MRSA] strain resistant also to macrolides but not to clindamycin), for which the MIC was 1 dilution higher (1 to 2 mg/liter). Of particular interest was the observation that GSK1322322 remained fully active against strains resistant to vancomycin, daptomycin, or linezolid. Cellular viability. As a preliminary to experiments implying exposure of eukaryotic cells to GSK1322322, we examined the cellular viability of THP-1 cells incubated with concentrations spanning 0.4 to 100 mg/liter by measuring the release of the cytosolic enzyme lactate dehydrogenase in the culture medium. This release remained similar to control values and lower than 8% over the whole range of concentrations investigated (data not shown), which was therefore the level considered for the performance of further experiments.
Pharmacological descriptors of the extracellular and intracellular activities of GSK1322322 against strains susceptible or resistant to comparators. In this first series of experiments, 24-h concentration responses were examined for GSK1322322 against all strains in broth (extracellular activity) as well as after phagocytosis by THP-1 monocytes (intracellular activity). In all cases, GSK1322322 activity developed in a concentration-dependent manner, with a single sigmoid function being satisfactorily fitted to the data for each strain, in accordance with the pharmacological model previously described for other antibiotics against the fully methicillin-susceptible S. aureus (MSSA) ATCC 25923 strain (21) and strains with different resistance phenotypes (see typical examples in references 35, 36, and 37). Interestingly enough, when drug concentrations were expressed in multiples of the corresponding MIC, a single function could be fitted to the whole set of data, in broth (except for strain SA312) or intracellularly, demonstrating similar profiles of activity against all strains, as previously described for other antibiotics (33, 37, 38) . Thus, in broth (Fig. 2, left  panel) , the E min values were similar for all strains (approximately ϩ4 log 10 CFU over 24 h), a bacteriostatic effect was obtained at a concentration close to the MIC, and the E max value reached about Ϫ4.8 log 10 CFU (close to the limit of detection) for all strains except SA312, for which an individual fit showed an E max of only Ϫ2.49 log 10 CFU (repeating the experiment did not significantly change this E max value). After phagocytosis (Fig. 2, right panel) , intracellular growth spanning CFU increases between 1.75 and 3.11 log 10 over 24 h was observed with a ranking of (from largest to smallest value) ATCC 25923 Table 2 for the corresponding values). For all these strains, GSK1322322 was able to prevent intracellular growth at an extracellular concentration close to its MIC and reduced the intracellular inoculum by 0.5 to 1 log 10 CFU compared to the postphagocytosis value at high extracellular concentrations (E max ).
We next compared the intracellular activity of GSK1322322 with that of other antibiotics against the fully susceptible laboratory strain ATCC 25923, and the results are presented in Fig. 3A (see also numeric data in Table 2 ). All antibiotics showed a maximal relative activity (E max ) similar to that of GSK1322322 (ϳ0.5 forms of S. aureus strains with different resistance phenotypes (see Table 1 for individual MICs and patterns of resistance to the antistaphylococcal agents tested). For these experiments, broths or infected cells were incubated for 24 h in the presence of increasing concentrations of antibiotic (total drug; abscissa [in multiples of MIC in broth]). The ordinates show the change in the number of CFU (log 10 ) per milliliter of medium (broth) or per milligram of cell protein (THP-1). The horizontal dashed line shows a static effect (no apparent change from the initial, postphagocytosis inoculum) and the vertical dashed line the MIC. All values are means Ϯ standard errors of the means (SEM) (n ϭ 2 or 3 experiments, with each performed in triplicate; where SEM bars are not visible, they are smaller than the symbols). The lowest limit of detection (horizontal dotted line) corresponds to a CFU decrease of 5 log 10 units compared to the original inoculum. Data were used to fit sigmoidal functions (slope factor ϭ Ϫ1) using all data points for extracellular activities (left) or intracellular activities (thick lines), except for strain SA312 for extracellular bacteria, for which an individual fit (thin line) was calculated, as it was the only strain for which the E max value (Ϫ2.49 CFU decrease) suggested a nonbactericidal effect. See Table 2 for numeric data of regression parameters, pertinent pharmacodynamic descriptors, and statistical analyses for intracellular activities. to 1 log 10 CFU decrease), except moxifloxacin, for which the E max reached a decrease of ϳ1.75 log 10 CFU. When data were plotted against weight concentrations, relative potencies (C s ) spanned from 0.13 for oxacillin to 9.18 mg/liter for vancomycin. When data were plotted against multiples of MIC (equipotent concentrations), all antibiotics showed rather similar dose-concentration effects over a relatively narrow range, with C s values ranging from 0.52-fold the MIC for oxacillin to 19.6-fold the MIC for fusidic acid, which is in line with our previous observations (45, 46) . In the next series of experiments, we examined the intracellular activity of GSK1322322 against strains resistant to the main anti-MRSA comparators. Results are shown graphically in Fig. 3B , where the data are limited, for sake of clarity, to the results from strains resistant to the comparators and to the antibiotics affected by resistance mechanisms (see Table 2 for numerical data, including those from additional susceptible and resistant strains tested with each pertinent antibiotic). In all cases, GSK1322322 was as effective against the resistant strains as against the susceptible ATCC 25923 strain whereas the comparators did not cause any change in CFU over the whole range of concentrations investigated when the corresponding MIC was Ͼ256 mg/liter (see, e.g., macrolides against VUB09) or showed a concentration-effect response that was markedly shifted to higher values but with a relative potency (C s ) remaining in the range of their respective MICs (for the strains for which the drug MICs were Ͻ256 mg/liter). Oxacillin exhibited divergent behavior, with C s values much lower than its MIC, due to the enhancing effect of intraphagolysosomal pH on the activity of this antibiotic as observed previously (47) . This effect, however, was not observed for all the MRSA strains tested here, some of them remaining fully resistant to oxacillin intracellularly. Note also that for several resistant strains, no convergence could be obtained by nonlinear regression for the comparator due to lack of intracellular activity, which prevented us from calculating meaningful pharmacodynamics parameters. Lastly, we used strain NRS119 to confirm that residual bacteria reisolated from THP-1 monocytes at the end of incubation with moxifloxacin showed an unaltered drug MIC, ruling out the selection of a resistant subpopulation.
Cellular influx and accumulation and efflux of GSK1322322. In these experiments, we examined the influx, accumulation level, and efflux of radiolabeled [ 14 C]GSK1322322 in uninfected cells exposed to a microbiologically meaningful extracellular concentration of 1 mg/liter. The main experiments were performed with THP-1 monocytes, but J774 macrophages were also used for comparison or for specific experiments. We also tested for an effect of the concentration over a wide range of concentrations and for the influence of temperature on accumulation and efflux. Results are presented in Fig. 4 . Accumulation of GSK1322322 in THP-1 monocytes was very rapid, with a plateau reached at an apparent cellular-concentration-to-extracellular-concentration ratio of ϳ4 within 2 min (top left panel). Almost identical images were observed with respect to efflux results (top right panel). Accumulation of GSK1322322 was of the same order of magnitude in THP-1 monocytes and J774 macrophages and was not modified by increasing the concentration of GSK1322322 to 100 mg/liter (lower left panel). It was also markedly impaired when incubation of THP-1 monocytes was carried out at 4°C. Likewise, efflux of GSK1322322 from THP-1 cells loaded at 37°C was totally inhib- ited at 4°C (right lower panel). Lastly, we examined the influence of two well-known inhibitors of eukaryotic drug transporters, verapamil and gemfibrozil, using J774 macrophages, for which the role of the corresponding transporters in efflux of the macrolide azithromycin and the fluoroquinolone ciprofloxacin has been clearly demonstrated (39, 41) . Using 3 widely differing GSK1322322 concentrations (1, 10, and 100 mg/liter) and concentrations of the inhibitors known to fully inhibit the corresponding transporter, no significant effect was seen, except for verapamil, which caused an increase in GSK1322322 accumulation only at the 10 mg/liter concentration (data not shown). Subcellular distribution of GSK1322322 in uninfected and infected cells. In the first experiments of this series, uninfected cells were incubated with GSK1322322 for 30 min (with a suitable amount of 14 C-labeled drug), collected, and homogenized using conditions that largely maintained the integrity of the subcellular organelles. Homogenates (which contained, on a cell protein basis, an amount GSK1322322 similar to what had been observed in the accumulation experiments) were then subjected to differential centrifugation, where organelles are mainly separated on basis of their size, and the distribution of radioactivity was compared to that of marker enzymes. Figure 5 shows the results of these experiments for THP-1 monocytes (left) and murine J774 macrophages (right). In both cell types, [ 14 C]GSK1322322 was mainly recovered in the final supernatant, with much smaller amounts and no enrichment (on a protein basis) in the other fractions. The distribution of [ 14 C]GSK1322322 was similar to that of lactate dehydrogenase, an enzyme known to be mainly found in the cell cytosol. In contrast, cytochrome c-oxidase (marker of mitochondria) and N-acetyl-␤-hexosaminidase (marker of lysosomes) were found predominantly and enriched in the ML (THP-1 monocytes) or the MLP (J774 macrophages) fractions, with only minimal amounts in the final supernatant. To further discriminate a potential association of a minor proportion of GSK1322322 with lysosomes or mitochondria from its presence in the ML fraction due to contamination by cytosol, an homogenate of J774 macrophages incubated in the presence of [ 14 C]GSK1322322 and made free of nuclei and unbroken cells was deposited on a sucrose gradient and subjected to centrifugation. This method allows separation of lysosomes from mitochondria (on the basis of their buoyant densities), while soluble constituents remain on the top of the gradient. Results illustrated in Fig. 6 show that lysosomes ; the horizontal dashed line shows, therefore, a static effect). The abscissa shows the drug concentration expressed as follows: left panel, actual total extracellular concentrations (log 10 milligrams per liter); right panel, actual total extracellular concentrations expressed as log 10 of multiples of the corresponding MIC. For both panels, the vertical dashed line shows the concentration at which GSK1322322 exerts a static effect (C s ). Data are means Ϯ SEM of data from 3 experiments for GSK1322322 and of data from 2 experiments for the other antibiotics, each performed in triplicate (where SEM bars are not visible, they are smaller than the symbols) and used to fit a (sigmoid) Hill equation with the slope factor set to Ϫ1. Color code: GSK1322322 data and regression lines are shown in black; green data points and regression lines (dotted) represent antibiotics with an MIC lower than that of GSK1322322; red data points and regression lines (dotted) represent antibiotics with an MIC greater than or equal to that of GSK1322322. See Table 2 for numeric data of regression parameters, pertinent pharmacodynamic descriptors, and statistical analyses. (B) Concentration-response curves of the intracellular activity of GSK1322322 (GSK) toward strains with resistance to comparators and phagocytized by THP-1 monocytes. To facilitate the visualization of the results, only data pertaining to GSK1322322 and to the key comparators for each strain are shown, together with their corresponding MICs in broth (see Table 1 for the MICs and Table 2 for numeric data corresponding to the intracellular activity of each antibiotic tested for each strain). Abbreviations: GSK, GSK1322322; AZM, azithromycin; CLR, clarithromycin; CLI, clindamycin; VAN, vancomycin; DAP, daptomycin; LZD, linezolid. The ordinates show the changes in the log 10 CFU per milligram of cell protein after 24 h of incubation compared to the postphagocytosis inoculum (6.69 Ϯ 0.16 log 10 CFU/mg protein [means Ϯ SD of all experiments; n ϭ 25]); the horizontal dashed line shows, therefore, a static effect. The abscissa shows the drug concentration expressed as log 10 of the actual total extracellular concentrations in milligrams/liter. For all panels, the vertical blue dotted line shows the concentration corresponding to the EUCAST resistance ("R") breakpoint (bacteria with an MIC greater than than this value are considered to be clinically resistant). Data represent the means Ϯ SEM of the results of 3 independent experiments for GSK1322322 and 2 experiments for the other antibiotics, each performed in triplicate (where SEM bars are not visible, they are smaller than the symbols) and used to fit a Hill equation (sigmoid) with the slope factor set to Ϫ1. Table 2 shows numeric data of regression parameters, pertinent pharmacodynamic descriptors, and statistical analyses.
and mitochondria were effectively well separated but that [
14 C]GSK1322322 and lactate dehydrogenase had essentially remained in a zone corresponding to the position of the sample placed on the gradient and of the very first fractions, with minimal association with the fractions enriched in N-acetyl-␤-hexosaminidase or cytochrome c-oxidase (a similar experiment could not be performed with THP-1 monocytes because lysosomes and mitochondria are not well separated on the basis of their buoyant densities in these cells).
In the last series of these experiments, we repeated the differential centrifugation studies using an homogenate of THP-1 monocytes that had been infected with ATCC 25923, reincubated for 2 h, and then exposed to [ 14 C]GSK1322322 for 30 min at a concentration corresponding to 1/10 of its MIC to ensure the absence of a notable effect of the antibiotic on the survival of the bacteria. Cells (that had accumulated GSK1322322 at a level corresponding to about 4-fold, as in uninfected cells) were homogenized and subjected to a simplified fractionation procedure to decrease the risks of contamination occurring during the experiment. Results illustrated in Fig. 7 show that both [ 14 C]GSK1322322 and lactate dehydrogenase were collected in the final supernatant, as in the uninfected cells, whereas bacteria (measured as CFU) were collected only in the MLP fraction, where the bulk of cytochrome c-oxidase and N-acetyl-␤-hexosaminidase was also found.
DISCUSSION
The present study was, to our knowledge, the first to document the activity of a PDF inhibitor against the intracellular forms of S. aureus using a well-established pharmacodynamic model (34) that proved suitable for other clinically used as well as novel antibiotics (21, 33, 35, 36, 38) and predictive of the activity observed in animal models of intracellular infection with S. aureus (48, 49) .
We confirmed that GSK1322322 is a potent antistaphylococcal agent with low and similar MICs against a panel of laboratory and clinical strains of S. aureus with resistance to several of the antistaphylococcal agents in current clinical use. Using the pharmacodynamic model, we showed that GSK1322322 is highly bactericidal in broth, reducing the inoculum of ϳ4.5 log 10 CFU within 24 h for most strains, in accordance with previous published data (16), except for strain SA312, where the E max value was close to but did not reach the 3 log 10 CFU decrease defining a bactericidal effect (32) . This is quite similar to what can be obtained with known bactericidal antibiotics such as aminoglycosides or fluoroquinolones (21) or with the recently described anti-MRSA cephalosporin ceftaroline (38) in the same model. This further supports the concept that GSK1322322 has the ability to act on most resistant strains, disregarding their mechanism of resistance to other antibiotics, being directed toward a unique and so far clinically unexploited target. Further experiments, however, will need to examine whether the lower maximal efficacy of GSK1322322 against strain SA312 is unique or is shared with other clinical strains.
Moving now to intracellular bacteria, the pharmacodynamic model shows also that the efficacy of GSK1322322 is considerably reduced in tests against the intracellular forms of S. aureus, with E max values not exceeding Ϫ0.5 to Ϫ1 log 10 CFU compared to the initial postphagocytosis inoculum. In contrast, the relative potency (C s ) of GSK1322322 remains essentially similar to the value observed for bacteria in broth. This behavior is not unique to GSK1322322 since it was also observed here for comparators known to be bactericidal in broth such as oxacillin and daptomycin and was clearly documented in previous studies performed with ceftaroline (38) and ceftobiprole (37) . It is important that this apparent loss of efficacy cannot be considered to have been due to insufficient penetration or intracellular inactivation, which would have instead affected the relative potency (C s ) of the drug (see reference 34 for a review). Affecting only the E max value actually indicates that a part of the inoculum had become refractive to the activity of the antibiotics, whatever their extracellular concentration. Thus, in many respects, what we saw here is reminiscent of what was observed for S. aureus in an in vitro 24-h model of biofilms where the maximal relative efficacy was also considerably reduced (50) . This may possibly be related to the development of a so-called persister phenotype (51) , well established to take place in biofilms (52) . Interestingly enough, the size of this persistent inoculum is also dependent of the antibiotic used. In our intracellular model, indeed, a larger maximal efficacy (more-negative E max ) is obtained with moxifloxacin (as confirmed here) or with the highly bactericidal lipoglycopeptide oritavancin (21) .
The pharmacodynamic model also shows that the intracellular forms of bacteria resistant to other antibiotics are almost uniformly susceptible to GSK1322322, with essentially similar C s and E max parameters across the whole range of strains examined. This extends to the intracellular forms of S. aureus what has been observed for extracellular bacteria concerning the lack of cross-or coresistance of this bacteria to GSK1322322 and other antibiotics in current clinical use. In contrast, strains that are resistant to the comparators show a markedly decreased relative potency (markedly increased C s ) compared to the susceptible strains in proportion to their MIC differences in broth. Whether a maximal relative efficacy (E max ) similar to that of the susceptible strain is reached or not depends essentially of the level of resistance. Thus, for strains with only a modest elevation of MIC, increasing the extracellular concentration allows overcoming the decreased susceptibility. This strongly suggests that the MIC actually drives both the extracellular response and intracellular response of the bacteria to the antibiotics. For strains with very large drug MICs where E max remains positive, we simply were unable to increase the concentration to the necessary levels.
Pharmacokinetic studies suggest that GSK1322322 passively diffuses into and out of the cells, based on (i) the very similar and high rates of influx and efflux and the absence of saturation over the range of concentrations investigated (1 to 100 times the median MIC of GSK1322322), which collectively plead against the idea of carrier-mediated inward transport, and (ii) the impairment of drug movement by decreasing the temperature, which is consistent with lower diffusion through membrane bilayers when fluidity is considerably reduced. Accumulation of GSK1322322 was modest compared to that of other antibiotics such as macrolides and ketolides (35, 53, 54) and was more comparable to the range observed for fluoroquinolones (19, 41) . It was not influenced by the addition of known inhibitors of multidrug efflux transporters in murine J774 macrophages. By and large, the pharmacokinetic behavior of GSK1322322 is therefore rather similar to that of moxifloxacin (fast accumulation and release; not a sub- strate for active efflux in J774 macrophages; 41) even though the structures of the two compounds are totally unrelated.
The capacity of GSK1322322 to penetrate within eukaryotic cells contributes to rationalize the fact that it is active intracellularly. Yet cellular accumulation by itself is not a factor predictive of intracellular activity, since other drugs showing intracellular efficacy comparable to that of GSK1322322 displayed very different cellular-concentration-to-extracellular-concentration ratios in the same cellular model (spanning ϳ40-fold for azithromycin to ϳ4-fold for oxacillin and ϳ0.5-fold for linezolid) (21, 36) . This conclusion was already reached in comparisons of drugs within the same pharmacological class, such as oxazolidinones (36) , ketolides (35) , and fluoroquinolones (18) . The present report not only extends this concept to drugs of different pharmacological classes but also shows that it concerns drugs that are bacteriostatic as well as bactericidal toward extracellular bacteria. We have no simple explanation for this apparently counterintuitive conclusion, but we may suggest that the cellular accumulation of antibiotics actually reflects a reversible binding of part of the drug to cellular constituents, leaving only the free fraction (in equilibrium with the extracellular concentration) available for acting on the bacteria.
The results of the cell fractionation studies also bring some support for this concept. We see indeed that GSK1322322 accumulated by cells is never found in a stable association with subcellular organelles but is rather recovered in the fractions where soluble enzymes are also collected. This is observed even in infected cells where we see an almost complete dissociation between bacteria and the antibiotic. As the mode of action of GSK1322322 is that of a reversible binding to its bacterial target (55) , we may propose that what the cell fractionation study reveals is the ability of the drug to freely diffuse into cells during the incubation but, thereafter, to be desorbed from it and be recovered in the supernatant of infected cells. The same proposal was made for fluoroquinolones, which also show no association with phagolysosomes after cell fractionation even though we know that they are very active against phagocytized bacteria (19, 21) . Alternatively, one could propose that the small amounts of GSK1322322 observed in the fractions enriched in lysosomes could represent the active part of the antibiotic.
The present study had limitations related to the type of model used which have been discussed in previous publications. In the context of the present study, we must first mention our inability to take into account the binding of GSK1322322 to serum proteins (estimated to be Ͻ69% in humans on the basis of in vitro study results; 56) because the small (10%) amount of proteins in the cell culture medium made a large proportion of protein-bound drugs actually free, as demonstrated earlier for ertapenem (57), a highly 14 C]GSK1322322, marker enzymes (lactate dehydrogenase, cytosol; cytochrome c-oxidase, mitochondria; N-acetyl-␤-hexosaminidase, lysosomes) and S. aureus (CFU) in homogenates of infected THP-1 monocytes. Cells were allowed to phagocytize opsonized S. aureus ATCC 25923 for 1 h at 37°C and were then returned to fresh medium for 2 h to allow complete internalization of bacteria, after which time they were exposed to 0.1 mg/liter [ 14 C]GSK1322322 for 30 min, washed, homogenized, and fractionated as described for the experiment whose results are shown in Fig. 5 except that fractions ML and P were obtained as a single fraction (see the top of the graph for all fractions). The mode of representation is similar to that described for Fig. 5 .
protein-bound ␤-lactam. Second, we limited our exposure times to 24 h, which prevented us from capturing earlier or later effects of the antibiotics on the intracellular bacteria. Third, we could not perform morphological observations of the subcellular disposition of GSK1322322 (which could have been useful as an alternative to the cell fractionation approach used) because of a lack of a suitable photonic tracer. Nevertheless, the present report as it stands demonstrates the ability of GSK1322322 to act as a typical PDF inhibitor of intracellular S. aureus strains that are both susceptible and resistant to several currently marketed antistaphylococcal antibiotics. It raises the issue of the apparent lack of correlation between cellular accumulation and disposition and the activity of antibiotics, which will need to be addressed in future experiments. Lastly, and while this work was being finalized, the clinical development of GSK1322322 was terminated (https://www. clinicaltrials.gov/ct2/results?SearchϭSearch), illustrating the challenges of antibacterial development. However, the data from this study demonstrate some of the promising attributes of GSK1322322 and this class of antibiotics. This study could, therefore, be used as model for the assessment of other peptide deformylase inhibitors with respect to activity against intracellular forms of S. aureus and of other bacterial pathogens.
